Angiogenesis, the synthesis of new blood vessels from preexisting vessels, plays a critical role in normal wound healing and tumor growth. HKa (cleaved high molecular weight kininogen) is an endogenous inhibitor of angiogenesis formed by the cleavage of kininogen on endothelial cells. Ferritin is a protein principally known for its central role in iron storage. Here, we demonstrate that ferritin binds to HKa with high affinity (K d 13 nM). Further, ferritin antagonizes the antiangiogenic effects of HKa, enhancing the migration, assembly, and survival of HKa-treated endothelial cells. Effects of ferritin were independent of its iron content. Peptide mapping revealed that ferritin binds to a 22-aa subdomain of HKa that is critical to its antiangiogenic activity. In vivo, ferritin opposed HKa's antiangiogenic effects in a human prostate cancer xenograft, restoring tumordependent vessel growth. Ferritin-mediated regulation of angiogenesis represents a new angiogenic regulatory pathway, and identifies a new role for ferritin in cell biology.
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iron ͉ kininogen A ngiogenesis, the process of making new blood vessels from preexisting vessels, plays a key role in physiologic processes ranging from wound healing to tumor growth. Angiogenesis is a carefully orchestrated process that is regulated by the balance between pro-and antiangiogenic factors. When this balance is altered, pathologic angiogenesis occurs. For example, during malignancy, many tumors alter the local levels of angiogenic factors, induce blood vessel formation, and thereby facilitate growth and dissemination of tumor cells (1) .
High molecular weight kininogen (HK) is a plasma protein that serves as a cofactor in the intrinsic coagulation cascade and is an inhibitor of cysteine proteases (2) . In addition to these activities inherent in the intact protein, proteolytic cleavage of HK by kallikrein produces 2 molecules with additional bioactivities: the nonapeptide bradykinin, a potent peptide hormone that mediates NO release, vasodilation, and pain (3), and 2-chain high molecular weight kininogen, HKa.
HKa is markedly different in structure and function from its parent protein, HK. It exhibits an altered conformation (4) and receptor binding (5) . Most strikingly, HKa acquires biological properties not found in HK, exerting antiangiogenic effects on endothelial cells in vitro and in vivo (6, 7) . In addition, HKa reduces the invasion and metastasis of osteosarcoma, breast, and lung cancer in mouse models (8, 9) .
Ferritin is a 24-subunit intracellular protein that stores iron in a nontoxic yet bioavailable form (10) . Ferritin also exists in extracellular compartments, such as the serum (11) . Serum ferritin has low iron content and a distinctive subunit composition (10) . Although levels of serum ferritin are used as a measure of total body iron (12) , serum ferritin is also profoundly affected by acute and chronic inflammation, conditions under which it may rise 10-to 100-fold (13) . In addition, serum ferritin levels are elevated in many forms of malignancy including neuroblastoma, Hodgkin's lymphoma, intestinal, liver, lung, ovarian, pancreatic, stomach, and breast cancers (10, 14) . These elevations are independent of changes in body iron stores (12) .
Ferritin is a binding partner of HK, and may be an important physiological regulator of its activity (15, 16) . Ferritin exhibits specific and saturable binding to HK, with a K d of Ϸ140 nM (17) . Binding of ferritin to HK inhibits the cleavage of HK by kallikrein, thus reducing production of bradykinin (16) and its attendant proinflammatory effects. In addition, HK and ferritin colocalize at sites of inflammation, where ferritin inhibits the cleavage of HK by tryptase and elastase (17) .
Ferritin binds to the light chain of HK, a region that is preserved in HKa, the antiangiogenic cleavage product of HK (16, 18) . The presence of a shared ferritin target sequence in HK and HKa prompted us to ask whether ferritin can bind to HKa and regulate its antiangiogenic activity.
Results
Ferritin Exhibits High-Affinity Binding to HKa. We first tested whether ferritin would bind to HKa by using a ligand blotting technique. As seen in Fig. 1A , ferritin bound both HK and HKa. Interestingly, although Ponceau staining verified equal loading of HK and HKa, ferritin binding was more intense in the HKa lane compared with the HK lane, suggesting preferential binding of ferritin to HKa.
To confirm and quantify the differential ferritin binding between HK and HKa observed in the ligand blot, we conducted a solid phase binding assay. Both HK and HKa demonstrated specific and saturable binding to ferritin (Fig. 1B) . Scatchard analysis of the HKa curve revealed a K d of 13 nM (R 2 ϭ 0.99). This represents a 10-fold higher affinity over the HK/ferritin interaction (K d of 140 nM, R 2 ϭ 0.98). Both HK and HKa demonstrate a similar Bmax (7 pM for HKa, 7.1 pM for HK), indicating that HK and HKa interact with ferritin in similar stochiometric ratios. Thus, ferritin binds more tightly to HKa than to HK.
Ferritin Blocks Effects of HKa on Endothelial
Cell Viability. We next tested whether ferritin would affect the activity of HKa and in particular whether ferritin would impede the antiangiogenic effects of HKa.
We initially assessed the effect of ferritin and HKa on the viability of endothelial cells. HKa exerts its antiproliferative effects on subconfluent, actively proliferating endothelial cells on a provisional extracellular matrix such as vitronectin (19) . We therefore seeded human umbilical vein endothelial cells (HUVEC) onto vitronectin-coated plates at subconfluent density and then either left them untreated or treated them with HKa. As seen in Fig. 2A , treatment with HKa led to a dose-dependent inhibition of endothelial cell viability, with an IC 50 of Ϸ10 nM, consistent with previous results (20) . To test whether ferritin would block this effect of HKa, cells were treated with 10 nM HKa and 10 nM Ft, alone or in combination. As seen in Fig. 2B , HKa decreased the viability of endothelial cells to 55 Ϯ 1.7% of control (P Ͻ 0.0003). Cotreatment with HKa and ferritin at a 1:1 molar ratio (Ft:HKa) markedly increased cell viability to 91.7 Ϯ 8.8% of control. Treatment with ferritin alone did not alter the viability of endothelial cells (99.6 Ϯ 11.4% of control). Therefore, ferritin, while not altering endothelial cell proliferation itself, blocks the HKa-induced reduction in endothelial cell viability.
Effects of Ferritin on HKa Activity Are Not Iron Dependent. Ferritin can store up to 4500 atoms of iron, and is principally known for its iron storage activity (10) . To test whether iron contributes to the ability of ferritin to antagonize HKa activity, we compared apoferritin (ferritin from which Ͼ99% of iron had been removed) to holoferritin (iron-containing ferritin) for its ability to block the antiproliferative activity of HKa. As seen in Fig. 2B , apoferritin and holoferritin were equivalent in their ability to restore endothelial cell viability to control levels, demonstrating that the presence of iron within ferritin does not contribute to the ability of ferritin to block HKa-induced reduction in endothelial cell viability.
Ferritin Antagonizes the Proapoptotic Effects of HKa. To test whether ferritin increases endothelial cell viability by inhibiting HKainduced apoptosis, cells were treated with 50 nM HKa and ferritin alone or in combination, and the number of cells entering apoptosis over time was determined by using time-lapse microscopy ( Fig. 3A) . Time of entry of each cell to apoptosis was defined as the appearance of the first apoptotic bleb (Fig. 3B) . After 10 h, HKa-treated cells began to undergo apoptosis. By 23 h, nearly 80% of HKatreated cells had entered apoptosis as compared with ϳ30% of HKa/Ft cotreated cells (Fig. 3A) . The fraction of HKa/Ft cotreated cells entering apoptosis was not significantly different from control or cells treated with Ft alone at any time point.
To further confirm that cell death was specifically the result of apoptosis, we analyzed cells for the presence of activated caspase 3 and nuclear fragmentation, biochemical hallmarks of apoptosis (21, 22) . HKa-treated endothelial cells exhibited activated caspase 3 and nuclear fragmentation, as measured by immunohistochemistry and DAPI staining, respectively (Fig. 3C ), indicating that apoptosis was the mechanism of endothelial cell death. Consistent with results obtained by using time-lapse microscopy, ferritin reduced the number of apoptotic cells from 59% in the presence of HKa alone to 23.5% in the combined presence of ferritin and HKa, as measured by staining for activated caspase 3. Thus, ferritin opposes the proapoptotic effects of HKa.
Ferritin Antagonizes the Antimigratory Effects of HKa. HKa has also been shown to inhibit endothelial cell migration, another key early step in angiogenesis (7) . To test whether ferritin modulates this activity of HKa, we used a transwell system with bFGF as the chemoattractant and analyzed migration after 5 h (Fig. 4A) . HKa reduced the number of migrating cells to 47.2 Ϯ 12.2% of control (P Ͻ 0.0001, difference from control) whereas HKa/Ft cotreatment restored migration to 99.6 Ϯ 16.1% of control. Ferritin treatment alone did not alter migration, with cells migrating at 105.7 Ϯ 7.7% of control levels. To ensure that the effect seen was the result of changes in cell migration and not differences in viability, the total number of viable cells was assessed. There was no difference in the number of viable cells under any experimental condition (data not shown), consistent with the time-lapse microscopy, which also indicated no effects of HKa on viability at this early (5-h) time point (Fig. 3A) . Thus, ferritin inhibits the antimigratory effect of HKa.
Ferritin Restores the Ability of Hka-Treated Endothelial Cells to Form
Vessel-Like Structures (Tubes). The ability of endothelial cells to assemble into vessel-like structures (tubes) is an important aspect of blood vessel formation that is sensitive to inhibition by HKa (23) . To investigate whether ferritin blocks the inhibitory effect of HKa on tube formation, endothelial cells were incubated with matrigel, which induces the cells to assemble into branching tube-like structures (24, 25) , in the presence of HKa, ferritin, or the combination of HKa plus ferritin. After 7 h, tube formation was quantified in a standard assay that measures the number of branch points per 100 viable cells. As seen in Fig. 4B , HKa reduced the number of branch points per 100 viable cells to 42.5 Ϯ 15% (P Ͻ 0.0001) and 31.4 Ϯ 3% (P Ͻ 0.0001) of control at 10 nM and 50 nM levels, respectively. Cotreatment of ferritin with HKa restored branch points to 94.5 Ϯ 3.7% and 90.4 Ϯ 7.9% of control at 10 nM HKa/10 nM Ft and 50 nM HKa/50 nM Ft levels, respectively. Ferritin alone did not alter the number of branch points formed (95.7 Ϯ 6.3% and 101.3 Ϯ 9.7% of control at 10 nM and 50 nM levels, respectively).
Ferritin Binds to the Antiangiogenic Domain of HKa. Our observations that ferritin inhibits the antiangiogenic activity of HKa at multiple levels suggested that ferritin might exert its effects by direct binding to the antiangiogenic site of HKa. HKa is a multidomain protein consisting of 5 domains organized into a heavy chain (domains 1-3) and a light chain (domains 5 and 6). These domains remain linked by a disulfide bond following proteolytic removal of bradykinin (contained in domain 4) from the parent protein, HK. The antiangiogenic region of HKa has been mapped to domain 5 (7) .
To test the possibility that ferritin inhibits the antiangiogenic activity of HKa by direct binding to domain 5, we created recombinant glutathione-s-transferase (GST) fusion proteins comprising different domains of HK and tested their binding to ferritin by using a ligand blot. These experiments demonstrated that ferritin binds to D4-6-GST and D5-GST, but not to D6-GST or GST alone [supporting information (SI) Fig. S1 ].
To verify this finding, we conducted a solid phase binding assay by using purified domain 5 freed of the GST tag. As seen in Fig. 5 , D5 also exhibited specific and saturable binding to ferritin, with K d of 3 nM (R 2 ϭ 0.97). Domain 5, therefore, binds ferritin with a higher affinity than either HK or HKa. Interestingly, whereas both To further narrow the ferritin binding site, synthetic peptides were used as competitors. We initially created 3 peptides (peptides 1-3, Fig. 6A ). Peptides 1 and 2 span portions of the histidine-glycine (HG) (K 438 -D 492 ) and histidine-glycine-lysine (HGK) (H 493 -K 520 ) rich regions (respectively) within domain 5, and peptide 3 is the prekallikrein binding region within domain 6 (see Table S1 for amino acid sequences of all peptides). Each of these regions has a physiologic function: Peptide 1 encompasses a region responsible for the antiadhesive function of HKa (8), peptide 2 spans an antiproliferative/proapoptotic and cell binding region of HKa (20, 26) , and peptide 3 comprises the prekallikrein binding region (18) . The HGK region (contained in peptide 2) has also been recognized to inhibit the adhesion, invasion, and metastasis of cancer cells (9) .
These peptides were used as competitors of binding of biotinylated HKa to ferritin in the solid phase binding assay. As shown in To further narrow the ferritin binding domain of HKa, 3 additional peptides spanning the region represented in peptide 2 were created: peptide 2A (N-terminal region), 474 (Fig. 6A) . Peptide 2A had no inhibitory effect on HKa binding to ferritin (50-fold molar excess, 0 Ϯ 11% inhibition). Peptides 2B and 2C, used independently, inhibited HKa binding by 48 Ϯ 5.3% and 75 Ϯ 2% (respectively). Used together, peptides 2B and 2C inhibited binding by 86 Ϯ 5.6%. Therefore, the ferritin binding region is contained within the 22-aa C-terminal region of peptide 2 represented by peptides 2B and 2C.
Ferritin Antagonizes the Antiangiogenic Effects of HKa in a Tumor
Angiogenesis Model. Because these results indicated that ferritin blocks the antiangiogenic effects of HKa through specific binding to the antiangiogenic domain of HKa, we tested whether HKa and ferritin would exhibit similar effects on angiogenesis in vivo. Although HKa has not been directly implicated in tumor angiogenesis, both HKa (9) and ferritin have been linked to malignant processes (27) . We therefore asked whether HKa would inhibit tumor angiogenesis, and whether ferritin could override this effect. PC3 prostate cancer cells were mixed with growth factor-reduced matrigel and either HKa, ferritin, the combination of HKa and ferritin, or saline as a control, and the cell suspension was injected s.c. into the flanks of athymic nude mice. After 10 days, microvessel density was assessed by quantifying 2 standard measures of in vivo angiogenesis: the density of angiogenic ''hot spots'' per tumor section (the number of blood vessel clusters per tumor section at 100ϫ magnification, reported as number of hot spots/mm 2 tumor crosssectional area), and vessel density within the hot spot (the number of vessels seen at 400ϫ magnification within a hot spot) (28) . images of the entire tumor following resection from the mouse flank. Quantification of hot spot density, as displayed in Fig. 7C , revealed that untreated tumors in control mice had 0.5 Ϯ 0.1 hot spots/mm 2 . As anticipated from its antiangiogenic effects in vitro, HKa decreased the number of hot spots in vivo to 0.2 Ϯ 0.1 hot spots/mm 2 . Ferritin was able to block the antiangiogenic activity of HKa, resulting in a mean hot spot density of 0.6 Ϯ 0.2, a statistically significant increase when compared with HKa alone (P ϭ 0.0003). Ferritin alone had no effect on hot spot density. Similar results were obtained when vessel densities within the hot spots were quantified: HKa alone reduced vessel density from 31 Ϯ 4 in controls to 21 Ϯ 6 in HKa-treated mice, and this decrease was blocked in the presence of ferritin, which restored vessel density to 36 Ϯ 5, a statistically significant increase when compared with HKa alone (P ϭ 0.0001). Ferritin alone did not affect vessel density. Antiangiogenic effects of HKa were not secondary to cytotoxic effects on the tumor itself, because HKa did not affect proliferation of PC3 prostate cancer cells in vitro (data not shown), and because at this early time point, tumors in all treatment groups were similar in size, with an average tumor volume of 53 Ϯ 21 mm 3 .
Discussion
HKa is a recently discovered inhibitor of angiogenesis that targets endothelial cells (29) . HKa has been shown to inhibit angiogenesis in in vivo assays of angiogenesis, such as the chick chorioallantoic membrane (CAM) and corneal micropocket assays (6, 8, 30 ), but has not been shown to inhibit tumor angiogenesis. In this manuscript, we demonstrate that HKa inhibits angiogenesis induced by prostate cancer cells in a tumor xenograft, substantially reducing tumor vascularity as measured both by number of vascular hot spots (blood vessel clusters per tumor area) and density of vessels within those hot spots (Fig. 7) .
To explore the role of ferritin in modulating the effects of HKa on angiogenesis, we first examined the binding of ferritin to both HK and HKa. Our binding studies revealed that ferritin interacts not only with HK, as we have demonstrated (15, 16) , but also with HKa ( Fig. 1) . We therefore tested whether ferritin modulates the antiangiogenic activity of HKa, a protein structurally and functionally distinct from HK (4, 5) .
By using primary endothelial cells and well-established assays of angiogenesis, we demonstrate that ferritin effectively antagonizes 3 antiangiogenic activities of HKa: induction of apoptosis, inhibition of migration, and inhibition of tube formation. Inhibition of endothelial cell migration (Fig. 4A ) and assembly into branching tubelike structures (Fig. 4B ) occurred within 5-7 h of HKa treatment. Ferritin antagonized both of these antiangiogenic processes (Fig. 4  A and B) . At Ϸ10 h, HKa-treated cells began to enter apoptosis, a process that ultimately results in a profound decrease in overall survival of HKa-treated cells (Fig. 3) . Ferritin also completely inhibited this process (Fig. 3) . The ability of ferritin to prevent the antiangiogenic effects of HKa was also observed in vivo: Ferritin blocked the antiangiogenic effect of HKa in tumor xenografts, restoring tumor-dependent assembly of blood vessels to control levels (Fig. 7) . Collectively, these findings suggest that the interplay between HKa and ferritin, 2 endogenous proteins, contributes to regulation of angiogenesis, particularly during tumor growth.
Although ferritin restored migration, assembly, and survival of HKa-treated endothelial cells and preserved angiogenesis in the presence of HKa in vivo, ferritin alone did not affect any of these parameters, indicating that its effects were mediated through direct antagonism of HKa. In further support of this direct interaction model, we localized the ferritin binding domain to a critical antiangiogenic region within domain 5 of HKa (Figs. 5 and 6 ). This region has a high content of basic amino acid residues, particularly histidines and lysines, suggesting that charge interactions contribute to the binding of HKa to ferritin. However, because the his ϩ lys content of a noncompeting peptide (peptide 2A-64% his ϩ lys residues) was similar to that of the most effective competitor (peptide 2C-53% his ϩ lys residues), additional interactions must also come into play. Structural studies will be required to fully delineate the binding interface between these 2 proteins.
The ability of ferritin to antagonize the antiangiogenic effects of HKa identifies a new role for ferritin in physiologic processes. Studies of ferritin have largely focused on its role as an iron storage protein. However, holoferritin and apoferritin were equally active in inhibiting the effects of HKa on endothelial cell viability (Fig. 2) , indicating that antagonism of HKa is an iron-independent function of ferritin. These results are consistent with a model in which ferritin regulates HKa by surface interactions that do not involve the internal iron core of ferritin.
Many of the molecular and cellular details of the interaction between HKa and ferritin remain to be clarified. In particular, the domain of ferritin involved in this interaction is unknown. Ferritin contains 2 types of subunits, termed H and L. Serum ferritin is L-rich, similar to the spleen ferritin used in these experiments (31); however, all natural ferritins contain a mixture of subunits, so our results do not exclude a role for H ferritin in HKa binding.
The physiological site of the interaction between HKa and ferritin also requires further study. We have shown that ferritin retards (but does not entirely prevent) the production of HKa at sites of inflammation (17) . Here, we demonstrate that the HKa produced despite this first ferritin blockade is susceptible to a second level of inhibition, in which ferritin directly blocks the activity of HKa. Indeed, ferritin binds with 10-fold greater affinity to HKa than it binds to uncleaved HK (Fig. 1) , suggesting that HKa represents a critical target of ferritin. But where do ferritin and HKa colocalize, and at what stoichiometry? Although circulating levels of uncleaved HK exceed those of serum ferritin, basal concentrations of HKa in the serum are low (32) , and may be comparable to those of ferritin: approximately 0.2 nM for ferritin (33) vs. 0.1 nM for HKa [as measured by a stable metabolite of HKa's coproduced product, bradykinin (34)]; further, because ferritin increases in inflammation or malignancy, the molar ratio of ferritin to HKa may rise to 10:1 or even 100:1 under these pathological conditions. Thus, it is possible that ferritin could effectively inhibit the activity of HKa if these proteins interacted in the circulation. Perhaps more likely, the interaction between these proteins could take place on the endothelial cell surface, because HKa is produced following docking and cleavage of HK on endothelial cells (5) . In this case, locally produced HKa may recruit ferritin from the circulation or adjacent cellular sources to the endothelial cell surface, making ferritin an effective inhibitor of this reaction even at low serum ferritin concentrations.
We propose that ferritin, which is elevated during inflammation and malignancy, may play a role in regulating the levels of angiogenesis in these conditions. By antagonizing the antiangiogenic effects of HKa, ferritin may allow the proangiogenic effects of bradykinin and other biologically active proangiogenic molecules to predominate, thus shifting the balance toward blood vessel formation.
Although our studies focused on tumor angiogenesis, activities of HKa and ferritin may have importance in other settings in which angiogenesis occurs, such as wound healing and diabetic retinopathy. Modulation of HKa activity represents an unanticipated role of ferritin in angiogenesis, and provides a new target for the promotion or inhibition of physiologic and pathologic blood vessel formation.
Materials and Methods
Cell Culture. HUVECs were maintained in EGM-2 at 37°C, 5% CO2. Passages 2-8 were used for experiments. PC3 cells were grown in RPMI, 10% FBS, 1% penicillin/ streptomycin at 37°C, 5% CO2 (see SI Text for additional details on this and other experimental procedures).
HUVEC Viability Assay. Ninety-six-well plates were coated with vitronectin (2 g/ml in PBS) for 1 h at 27°C. HUVECs were seeded into the coated plates at a
